ABSTRACT: As one way to describe the behavior of a vibrating string, analogies to a transmission line have been made based on the fact that they have oppositely travelling waves on each of them. In such analogies, a rigid end to the string has been represented as an open circuit, and the displacement of the string as the current on the transmission line. However it turns out that the rigid end corresponds to a short circuit, the displacement to the voltage by the theory of the transmission line, and it is confirmed by experiments with circuit simulations. Based on these discoveries, a transmission line based plucked string model comprising a transmission line, two piecewise linear current sources, and switches is proposed. The proposed model is validated by showing that the voltage at the arbitrarily chosen location, and the voltage calculated over an infinitesimal portion at the end of the transmission line are consistent with the displacement at the corresponding location and the force on the rigid end of the string from the well known difference form of a wave equation governing the behavior of the string with its fundamental frequency tuned to that for the proposed model, respectively. Moreover, the applicability of the proposed model to modeling string and wind instruments is presented.
I. Introduction
The behavior of strings has been studied and simulated in various ways. Based on the fact that oppositely travelling waves exist on each of a string and an electrical transmission line, the vibrating string was considered as the transmission line in continuous time domain. [1] [2] [3] The string was modeled in discrete time domain. The representative is known as the structure of the Karplus-Strong algorithm consisting of a delay line followed by a filter in a loop, and the filter was later modified to accomplish the frequencydependent damping of harmonics. [4, 5] The other structure in discrete time domain was built in the form of digital waveguides in which two delay lines carry sampled travelling waves. [6] As a numerical approach, the wave equation governing a flexible string was approximated to a finite difference form. [7, 8] In the string models built with an analogy to the transmission line, a rigid end to strings has been represented as an open circuit, and the displacement of a string as the current on the transmission line. [1] [2] [3] The usual analogy of a mechanical system to an electrical circuit, that is, the force to the voltage and the velocity to the current, has lead to the replacement of the rigid end with the open circuit. [3] However it turns out that the rigid end corresponds to a 
II. Review of the Difference Form
The wave equation for an ideal flexible string with no damping is given by 
where ( ) t x y , is the displacement of a string, and x and c are the distance and the velocity of a wave along the string, respectively. [9] The velocity is given by
where  is the tension, and  is the mass per unit length of the string. The solution of the wave equation (1) is
where the function ) ( By sampling time and space with a time step, ∆ and a spatial step, ∆, the discrete form of the wave equation is
. [7] The finite difference form for the wave equation in (1) is
The displacement of the string at time step
where
The force at the end of the string, that is,
The initial displacement for the case of plucking 5mm at the one fifth of the distance from the end is shown in Fig. 1 , and the time evolution of the displacement at the center of the string and the force at the end are shown in Fig. 2 and 
III. Transmission Line Based Model
The voltage, ( ) t x v , and the current, ( )
on a lossless transmission are given by
where  is the inductance, and  is the capacitance per unit length of the transmission line.
[10] From equation (6), wave equations for the voltage and the current are derived as On the other hand, the reflection coefficient between an incident and a reflected wave at the end of the transmission line is given by
where L Z is the load impedance. As represented in the equation (9), both voltage and current wave travel oppositely along the transmission line, and they are added to make a standing wave as in the string. The temporal solution of the wave equation given by equation (2) is consistent with the voltage and the current in phasor form
given by equation (9) . It was stated that only the current obeyed the wave equation, however so does the voltage as shown in the equation (7). In the transmission line, the input impedance is given by Fig. 7 and Fig.   8 , which are consistent with those from the difference form as presented in Fig. 2 and 3 . The waveforms in Fig. 7 and In order to show the extensibility of the proposed string 
In Fig. 9 , the voltage waveform between 1.515 ms and 3.03 ms is resulted from the sum of an incident voltage wave to the resistor of 2 Ω and its reflected wave, which produces the peak value of 2.5+2.5×(-0.6)=1 mV, the waveform between 3.03 ms and 4.545 ms from the sum of a reflected from the short circuit to the left of T1 and travelled wave to the resistor and its reflected wave with the peak value of -1 mV, the waveform between 4.545 ms and 6.06 ms from the sum of a reflected at the resistor between 1.515 ms and 3.03 ms, and reflected from the short circuit, and travelled back to the resistor, and its reflected wave with the peak value of 2.5×(-0.6) ×(-1)(1-0.6)=0.6 mV, the waveform between 6.06 ms and 7.575 ms from the sum of a reflected between 3.03 ms and 4.545 ms, and reflected from the short circuit, and travelled back to the resistor, and its reflected wave with the peak value of -0.6 mV, and so forth. From this experiment, it is expected that the proposed string model can be applied to modeling plucked string instruments such as guitar by connecting a circuit for a top plate coupled with air in a sound box in place of the resistor of 2 Ω, and to struck and bowed string instruments by modifying the way the voltage wave is applied and connecting circuits for their bodies. It is well known that standing waves in an enclosed air column are analogous to those on the string, and thus the proposed model is also expected to be applicable to even wind instruments. 
